Although the amount of alkaline phosphatase in the serum has been used as a clinical test for several decades, there is still controversy over the wvay in which the increased levels found in hepatobiliary diseases are reached. It has been generally believed that the increased enzyme activity in the serum commonly observed results from some combination of decreased excretion in the bile and, in some instances, increased production and/or release by the diseased liver.' In this study, the relationship between tnonspecific alkaline phosphatase in the serum and bile was studied in the iat, utilizing both in vivo experiments and the isolated-perfused rat liver.
autotransformer. Donor rats were anesthetized with pentobarbital sodium, 35 mg. per kg., intraperitoneally, and with ether as needed. The bile duct was cannulated with a fine polyethylene catheter. The perfusate consisted of heparinized whole rat blood diluted with Ringer's solution to a packed cell volume of 15 to 25 per cent, with no added nutrients. Samples were collected from the blood reservoir ("bath") as needed. Perfusions were considered satisfactory if (a) the liver was uniformly pink in appearance and (b) bile production was continuous over the course of the perfusion (in nearly all experiments, bile flow exceeded 0.5 ml. per hour over the initial three hours). In addition, bromsulfalein (BSP), 6 mg., was added to the perfusion in some instances, and retention of the dye was measured 30 minutes after addition by the method of Seligson.' Additions to the perfusate were administered through a polyethylene catheter inserted just proximal to the portal vein cannula by constant infusion with a calibrated motor-driven syringe. In those experiments in which the bile duct was ligated, a small bulldog clamp was applied across the bile duct at the hilum of the liver.
In vivo experiments
Non-fasted Sprague-Dawley rats were anesthetized with intraperitoneal pentobarbital, approximately 20 mg. per kg., plus additional intravenous pentobarbital as needed. An intravenous cannula was passed down the external jugular vein into the right heart by the method of Weeks and Davis.' This was utilized for infusions of fluids as well as the collection of serial blood samples. The abdomen was then opened and the bile duct cannulated. After a control period, alkaline phosphatase concentrate was infused into the inferior vena cava via a No. 23 plastic needle over a few minutes time. Serial bile and plasma samples were then obtained over 5 or 6 hours.
Preparation of concentrate of alkaline phosphatase in the inucosa of small intestinte Concentrates of alkaline phosphatase were prepared from the mucosa of the small intestine of rats or guinea pigs by butanol extraction. The animal was killed by a blow on the head, and the small intestine was excised and irrigated with chilled Ringer's solution. The intestine was cut longitudinally and the mucosa scraped off and blotted on filter paper. The method of Ahmed and Kinge was utilized through step 4, with the following minor differences: (1) 25 gm. of mucosa was homogenized with 50 ml. of distilled water; (2) the aqueous layer was passed directly through Whatman No. 1 filter paper and collected in a 100 ml. Buchner funnel; and (3) the acetone precipitate of between 30 and 50 per cent was brought into solution with two washes of Ringer's solution so that a final concentration of approximately 1,500 Bessey-Lowry units was achieved. The activity of the final concentrate, based on nitrogen content,6 was increased 25-38 times. Additions of 1-2 ml. of this solutiotn (containing 1,000-2,000 units of phosphatase) to the liver perfusion did not adversely affect the liver performance, as determined by blood flow, bile production, BSP retention, or histology. (p-nitrophenol), utilized as the blank in the original method, was found to result in falsely high phosphatase activity in hemolyzed specimens. It was therefore necessary to use separate blanks for both working substrate and enzyme source. The reaction for both plasma and bile phosphatase was found to be linear with time for a minimum of 25-30 minutes, and a 20-minute incubation was utilized. The pH used was 9.5. Ten-to-one dilutions were performed on all samples, and no consistent or significant change in activity resulted for either plasma or bile. A unit of alkaline phosphatase is defined as that enzyme activity liberating 1 micro-mole of p-nitrophenol per ml. of enzyme source per hour.
RESULTS

Preliminary experiments
The normal alkaline phosphatase in the serum of the non-fasting rat was found to vary between 4 and 8 units, and was promptly depressed at least 50 per cent by a 24 hour fast. Bile was collected from five rats prior to excision of the liver for perfusion, and minimal or no phosphatase activity was present. However, when the liver was then excised and perfused, the bile phosphatase activity rapidly increased over the first 1-2 hours of perfusion, then leveled off and tended to decline slightly in the latter part of the perfusion. Thus, despite serum values of approximately five units, there was minimal or no phosphatase activity in the bile of the living rat; however, when the liver was removed and perfused with a medium containing much lower activity, the bile phosphatase nevertheless In a long series of perfusions without the addition of phosphatase concentrates to the bath, no correlation was noted between the concenitration or the total amount of phosphatase in bile and the bath concentratioll (see Fig. 1 ). Similarly, there was no correlation between bile flow and bile phosphatase concentration.
Bile duct ligation
In five experiments, the liver was perfused for one hour anid then the bile duct was clamped and bath phosphatase activity measured over the following several hours. As seen in Table 1 , no consistent change in the bath phosphatase resulted. In five experiments, 1,600-2,100 units of phosphatase activity, in the form of semi-purified small intestinal mucosal phosphatase, was slowly added to the perfusion bath at the end of a 40 minute control period. This resulted in a prompt, marked increase in the bath phosphatase activity of about tenfold, followed by a decrease by a mean of 26 per cent over the next three hours. As can be seen from Table 2 , the addition of this large increment of phosphatase activity did not result in any change in the bile phosphatase activity over the ensuing 3.2 hours, when compared to the controls. In fact, the total phosphatase excreted in the three hours after complete mixing of the added phosphatase (periods III-V) was almost identical in the two groups. It is important to emphasize that for each batch of phosphatase concentrate prepared, preliminary perfusions were performed to be certain that the infusion had no deleterious effect on liver performance. Bromsulfalein excretion was measured in these instances, and excellent excretion of the dye was observed after infusion of the enzyme concentrate (1-9 per cent retention, with a mean of 4 per cent, in five experiments).
In 7Jvo: Five experiments were performed in which phosphatase loads were infused into the inferior vena cava of living rats over a few minutes time, and bile collected for six hours. Two control experiments were done using bovine albumin diluted in Ringer's to form a solution of nitrogen content comparable to the phosphatase concentrate. As seen in Table 3 , the bile contained no appreciable phosphatase activity in the control rats, nor in the pre-infusion period of the phosphatase-infused rats. Whllen approximately 1,600 units of rat mucosal phosphatase activity was infused there was a significant rise in bile phosphatase activity, reaching a peak in the first two hours. However, the total phosphatase excreted over the 6-hour period averaged 14 units, not quite 1 per cent of the activity added. When intestinal mucosal phosphatase concentrate prepared from guinea pigs (heterologous enzyme) was infused, there was a striking but transient increase in bile phosphatase (roughly 10 times that achieved when rat phosphatase-i.e., homologous enzyme-was infused) in the hour after infusion. However, the total amount excreted over five hours was still only about 2 per cent of the activity added. Again, it is pertinent that no apparent deleterious effect of the infusion was noted. The appearance of the liver, bile flow, and general condition of the rat remained good throughout. As recently as 1959, Gutman, in a lengthy review of the literature up to that time, concluded that the major factor in the elevation of seruimi alkaline phosphatase activity in hepatobiliary diseases was "retention" of skeletal alkaline phosphatase, implying that the biliary tree is an importanit excretory route for serum phosphatase.' Since Gutman's review, additionlal work has been reported that strongly supports the concept of "overproduction" of phosphatase by the liver as the most important cause of thle increased serum phosphatase occurring in biliary obstruction."'0 The theory that serum phosphatase is excreted via the liver and biliary tree steml.s mainly from the finding of high levels of activity in the bile of man andli( most animals studied. However, it is obvious that bile enzyme activi tv could originate from the liver and biliary tract and bear no relationsllilp to serum phosphatase. We have attempted to investigate certain aspects of this problem in the rat, with particular attention to the relationship. if any, between phosphatase activity in blood and bile. Clearly, if sertiii phosphatase is not normally excreted into the bile, then failure of excretion cannot be the basis of increased serum activity in disease states.
In preliminary experiments, we were surprised to find very minimiial phosphatase activity in the bile of living rats, in view of the high lev,els reported in most species, including man.'"2 After removing the liver for l)erfusion, phosphatase appeared in the bile in significant amounts and this almost certainly represented enzyme of hepatic or biliary tree origin, presumably gaining entrance to the bile as a result of the trauma and,/or ischemia involved in the procedure. The fact that the hepatic artery is nlot perfused by our method may be pertinent in this regard, perhaps leading to necrosis of bile duct epithelium, with release of phosphate into the bile. There was no significant correlation between bath and bile phosphatase levels over the course of the liver perfusion experiments.
Attempts to induce elevations in bath phosphatase by bile duct obstruletion in the isolated-perfused liver were unsuccessful. This was not surprising, in view of the sluggish response of the serum phosphatase to ductal ligation in vivo in the rat, compared to other species."4"5
There is good evidence that in the non-fasted rat, a major proportion of normal serum alkaline phosphatase is intestinal in origin.'"6 It seemed desirable, therefore, to investigate biliary excretion, if any, of large incremients of this enzyme added to the blood.
When large loads of phosphatase were infused into the living rat ol the isolated-perfused rat liver, there was no quantitatively significant biliai-v excretion of the enzyme over several hours. It is important to note tllat there was no evidence of a deleterious effect of the concentrate on liver function and, in the isolated-perfused liver, bromsulfalein excretion was found to be excellent and not affected by the infusion. In the perfused liver, increasing the bath phosphatase tenfold did not change the bile phosphatase, whereas in the living rat a transient increase occurred, accounting for only 1 to 2 per cent of the total phosphatase added. This difference is possibly due to the intact arterial supply to the biliary tree in vivo, allowing some excretion directly into the bile duct. It is therefore apparent that under the conditions of these experiments, biliary excretion of enzymatically active phosphatase was not appreciably affected by the addition of large increments of phosphlatase normally present in rat plasma. Assuming that the enzyme was not altered during extraction, the importance of biliary excretion in the regulation of serum activity seems doubtful, at least in the rat.
There have been several previous reports of infusions of phosphatase-rich fluids into living animals, but we could find no studies utilizing the isolatedperfused liver. Five reports describe the infusion of blood or serum from common bile duct obstructed dogs into normal recipient dogs, with studies of serum and/or bile phosphatase activity."7' In these studies the high serum phosphatase levels achieved were very slow in returning to normal, requiring periods comparable to that of isotopically labeled serum albumin injected into normal dogs. Where bile phosphatase was studied there was either no change or a quantitatively insignificant increase in activity after the addition of phosphatase loads. Maddock, et al.'2 infused purified intestinal alkaline phosphatase into normal and hepatectomized dogs and found that the rate of disappearance of the serum increment was more rapid in normal than in hepatectomized dogs, interpreting this as evidence for a crucial role of the liver in determining serum phosphatase activity. Bile phosphatase was not measured.
LeVeen, et al.' published results at variance with most other reports. They injected extracts of calf duodenal mucosa into dogs and collected bile via common bile duct cannulas. A rapid disappearance of infused phosphatase was found with a return to normal plasma levels within two hours. In most instances bile phosphatase activity increased markedly, reaching a peak in about two hours, and remaining elevated for as long as 96 hours. In two experiments, they recovered the entire injected dose of phosphatase in the bile over 60 hours following injection. A good correlation was found between the decrease in serum phosphatase in the 2Y2 hours after injection and an increase in liver homogenate phosphatase activity in this same period. No control infusions were reported. It is possible that biliary excretion of injected phosphatase may differ when heterologous enzyme is used, as was the case in their experiments (calf enzyme into dogs). We found that guinea pig intestinal phosphatase was excreted into the bile more readily than rat intestinal phosphatase, when infused into living rats. However, quantitatively speaking, there was no significant excretion in either case. Most recently, Clubb, et al. '4 infused a mixture of human placental alkaline phosphatase and albumin into patients with and without hepatobiliary disease. They found a rate of disappearance about twice that of labeled albumin with a half-life for the "slow phase" of 6.8 days. Importa-ntly, there was no appreciable difference in patients with liver disease compared to normals.
In our study, as well as in others cited, the possibility that serum phosphatase is excreted by the liver in an altered and enzymatically inactive form is not ruled out. However, the slow disappearance rates for infused phosphatase found by most authors suggests otherwise, and recent ultracentrifugation studies failed to demonstrate differences in sedimentation characteristics between the phosphatase of serum and bile in humans.'0 In summary, our results constitute strong evidence against the biliary system being a major excretory pathway for plasma alkaline phosphatase in the rat, and are consistent with most other studies in dogs and humans.
